a b s t r a c t
In the olfactory bulb, apoptotic cell-death induced by sensory deprivation is restricted to interneurons in the glomerular and granule cell layers, and to a lesser extent in the external plexiform layer, whereas mitral cells do not typically undergo apoptosis. With the goal to understand whether brain-derived neurotrophic factor (BDNF) mediates mitral cell survival, we performed unilateral naris occlusion on mice at postnatal day one (P1) and examined the subsequent BDNF-immunoreactive (BDNF-ir) profile of the olfactory bulb at P20, P30, and P40. Ipsilateral to the naris occlusion, there was a significant increase in the number of BDNF-ir mitral cells per unit area that was independent of the duration of the sensory deprivation induced by occlusion. The number of BDNF-ir juxtaglomerular cells per unit area, however, was clearly diminished. Western blot analysis revealed the presence of primarily proBDNF in the olfactory bulb. These data provide evidence for a neurotrophic role of proBDNF in the olfactory system of mice and suggest that proBDNF may act to protect mitral cells from the effects of apoptotic changes induced by odor sensory deprivation.
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Sensory activity shapes the structure and function of the developing olfactory system [4, 21, 25] . When olfactory cues are deprived by unilateral naris occlusion in neonatal rats, the olfactory bulb (OB) ipsilateral to the occlusion is ∼25% smaller than that of the contralateral OB [5, 22] . This reduction is principally attributed to apoptotic cell-death of interneurons in the glomerular and granule cell layers [25] . The number of mitral cells, the major projection neuron, is unaffected by unilateral naris occlusion [25] . Brain-derived neurotrophic factor (BDNF), a member of the neurotrophin family, regulates neuronal survival, growth, synaptic plasticity, and modulates ion channel activity [3] . TrkB, the preferred high-affinity receptor for BDNF, is expressed in the OB [28] . There is a time-dependent modulation of potassium current in mitral cell neurons in response to acute or chronic BDNF stimulation [28] . BDNF-activation of TrkB receptors causes phosphorylation of tyrosine residues on the Shaker family member, Kv1.3, which is highly expressed in mitral cells [7] . Moreover, juxtaposition of unstimulated TrkB receptors with Kv1.3 channels modulates the resident half-life of the channel in the plasma membrane [8] . Thus, BDNF modulation of mitral cell excitability is well known, while BDNF regulation of mitral cell survival is not. This study monitored the BDNF-immunoreactive (ir) profile of OB neurons in order to understand the role of BDNF following sensory deprivation. Special attention was directed to mitral cells because (1) these neurons do not undergo apoptosis following unilateral naris occlusion and (2) we know these neurons express TrkB receptors and undergo changes in excitability upon stimulation by BDNF.
Solutions used for protein samples or tissue preparation, namely, nonidet-P40 protease and phosphatase inhibitor (NP40 PPI), homogenization buffer (HB), and phosphate-buffered saline (PBS), were made as previously [28] . The BDNF antiserum was from Santa Cruz Biotechnology, (Santa Cruz, CA, cat # sc-546). BDNF antiserum recognizes both the proneurotrophin (M r = 27 kDa) as well as the mature neurotrophin (M r = 13 kDa). Monoclonal actin antiserum (cat # A-2066) was from Sigma-Aldrich (St. Louis, MO) and used at 1:1000 for Western blots. All electrophoresis reagents were from Sigma-Aldrich. C57BL/6 mice (Jax Laboratories, Jacksonville, FL, USA) were anesthetized by hypothermia and the left naris was cauterized using a heated metal probe inserted 1-2 mm into the nostril at postnatal day one (P1) as described previously [22, 28] . The animals were then warmed to 37 • C and returned to the dam. Scar formation resulted in permanent unilateral naris closure. To facilitate the study of morphological changes in mitral cells that might accompany the unilateral naris occlusion, thy1-yellow fluorescent protein transgenic mice (YFP mice) [12] were handled as above. Previously, we used this mouse to identify mitral cells and their dendritic processes [20] . All procedures were carried out as approved by the Florida State University Laboratory Animal Resources and the National Institutes of Health.
At postnatal day (P) 20, 30 and 40, complete closure of the cauterized nostril was confirmed by visual examination under a dissecting microscope. Animals were perfused using paraformaldehyde dissolved in phosphate-buffered saline (4%PFA/PBS); the olfactory bulbs (OBs) were removed and post-fixed in 4% PFA/PBS for 4 h. OBs were cryoprotected in 30% sucrose and 16 m coronal sections were placed onto gelatin-coated slides, and stored at −20 • C until use.
Avidin-biotin-peroxidase (ABC) methods were employed to localize BDNF (anti-BDNF 1:1000 dilution) in OB tissue sections as per manufacturer's protocols (ABC Elite Kit, Vector Laboratories, Burlingame, CA). Fifteen animals of each treatment condition (control = C, naris occluded = O) per occlusion duration (20, 30 , or 40 days) were sampled. An investigator blind to the deprivation condition counted BDNF-ir mitral or juxtaglomerular cells within 12 fields of view using 93,500 m 2 areas and sampling equally (3 sections each) from the dorsal, ventral, medial, and lateral aspects of the OB. The counts from these 12 sampled areas were then averaged for the analysis. Statistical significance was determined at the 95% confidence level by mixed block factorial design analysis of variance (ANOVA) with a Bonferoni's post-hoc test to compare the multiple factors of naris occlusion and duration.
Olfactory bulb sections from YFP mice were prepared as above, except a 4 • C overnight incubation with anti-BDNF was followed by 2 h incubation in Alexa Fluor 546-conjugated anti-rabbit IgG (1:100; Invitrogen, Carlsbad, CA) and a 5 min incubation with DAPI (1:5000). Sections were rinsed, mounted with Vectashield (Vector Laboratories, Burlingame, CA), and viewed using a Zeiss LSM510 two-photon confocal system (Thornwood, NY). Image brightness and contrast were adjusted with Adobe Photoshop CS (Adobe Systems Inc., San Jose, CA) for maximal clarity.
Twenty days after unilateral naris or sham (probe to shank of nose) occlusion, the OBs were harvested following euthanasia with CO 2 . Tissues from 3 animals were pooled and homogenized in Nonidet-P40 protease and phosphatase inhibitor (NP40 PPI) buffer and detergent-soluble proteins were extracted as previously described [10] . Cytoplasmic proteins (50 g/lane) were separated on 15% bis-acrylamide gels by SDS-PAGE and electro-transferred to nitrocellulose as previously described [10] . Membranes were blocked for 30 min with 5% nonfat milk and incubated overnight at 4 • C in anti-BDNF (1:200). The nitrocellulose was then incubated with horseradish peroxidase-conjugated donkey anti-rabbit IgG (1:5000, GE Healthcare, Piscataway, NJ) for 90 min at room temperature. Enhanced chemiluminescence (GE Healthcare) exposure on Classic Blue film (Midwest Scientific; St. Louis, MO) was used to visualize labeled proteins. Paired treatments (sham, contralateral, and ipsilateral) were compared on the same film to standardize differences in exposure between films.
Prior to the preparation of histological samples, animals were visually confirmed to have complete naris closure and reduced OB size ipsilateral to the naris occlusion as anticipated [22] and shown in Fig. 1A . Independent of postnatal age, the OB contralateral (open) to the naris closure consistently revealed BDNF-ir in mitral cells, juxtaglomerular cells, and in the fibers contained in the external plexiform layer (EPL) (Fig. 1C) . Strongly labeled fibers were evident along the superficial (outer) layer of the EPL (oEPL) and glomerular layer (GL) (Fig. 1C) . All BDNF-ir profiles were abolished when the antiserum was preadsorbed with rhBDNF ( Fig. 1D ) or when the primary antiserum was omitted (Fig. 1E) . Ipsilateral to the naris occlusion, the glomeruli (data not shown) as well as the EPL were reduced in size (Fig. 1B) . BDNF-ir fibers in the oEPL and in the GL were markedly reduced (Fig. 1B) . Moreover, as early as P20 an increase in the number of BDNF-ir mitral cells per unit area was observed (Fig. 1B) .
Quantification of mitral cell BDNF-ir was made comparing the OB contralateral (open) and ipsilateral (closed) to the occlusion in animals in which deprivation ranged from 20 to 40 days ( Fig. 2A) . We did not observe changes in BDNF-ir labeling intensity of individual mitral cells as a result of the naris occlusion procedure. The number of BDNF-ir mitral cells per unit area, however, was significantly increased at all sampled time points (ANOVA, Bonferoni's, ≤ 0.05). Interestingly, a similar tabulation for juxtaglomerular cells indicated the opposite effect; a significant decrease in BDNF-ir for juxtaglomerular cells per unit area at all sampled time points of sensory deprivation (Fig. 2B) . In a separate set of controls, sham animals (heated probe applied to shank of nose, n = 3) had BDNF-ir profiles (numbers of mitral and juxtaglomerular neurons per unit area) that were not different in numbers per unit area in comparison to that of the contralateral OB (open) from naris occluded animals following 20 days of treatment (Student's t-test,˛≤ 0.05).
We performed naris occlusion on YFP mice so that BDNF-ir could be followed as a double label with YFP-positive mitral cells. A representative confocal micrograph demonstrating increased mitral cell BDNF-ir per unit area following 30 days sensory deprivation is reported in Fig. 3 . The secondary dendrites of mitral/tufted cells were restricted to the inner layer of the EPL (EPL) indicating (1) an anatomical subdivision within the EPL and (2) that BDNF-ir fibers in the oEPL do not arise from mitral cells. In a subset of control YFP animals (n = 3), we additionally confirmed that absolute numbers of YFP + mitral cells per unit area were not significantly different following 20 days of sensory deprivation, however, numbers of DAPI-nuclear stained juxtaglomerular cells decreased by approximately 20% per unit area (paired t-test,˛≤ 0.05).
Biochemical confirmation of increased expression of mature BDNF at P20 was not evident. In fact, labeling consistent with the mobility of proBDNF (M r = 27 kDa) and a proBDNF dimer (M r = 54 kDa) was observed at uniform pixel density independent of the sensory deprivation condition (Fig. 4) . Since mature BDNF could be detected in control tissue (rat hippocampus, M r = 13 kDa), the level of mature BDNF in the OB may be at or beyond the limits of detection by traditional protein biochemical techniques using this antiserum and our conditions despite our efforts to pool animals, load high concentrations of protein (50 g), and incubate with a greater titer of antiserum (1:200).
Our study monitors the BDNF-ir profile of OB neurons following unilateral sensory occlusion and demonstrates that the number of immunopositive mitral cells per unit area increases while that of juxtaglomerular cells decreases, independent of period of sensory deprivation ranging 20-40 days. Decrease in bulb size ipsilateral to the naris closure [22] is attributed mainly to apoptotic cell-death in glomerular and granule cell layers, however, the number of mitral cells has been reported to be unaffected [25] . It is possible that sensory deprivation may stimulate mitral cells to synthesize BDNF leading to immunolabeling of cells that would typically escape detection under normal conditions. Because mitral cells have high expression of the bcl-2 gene that suppresses apoptosis [1, 14, 17] , the susceptibility of mitral cells to apoptotic death could be lower than that for other OB cell-types. It is also known that trophic factors and other survival signals in the developing nervous system may suppress an intrinsic suicide program of cells to regulate cell numbers in response to sensory stimuli [26] . Our correlational biochemistry data may suggest that proBDNF could possibly function as a trophic factor to prevent apoptosis of mitral cells induced by olfactory sensory deprivation. Future experiments would have to be pursued to test this interesting correlation.
Previous studies have revealed that the EPL undergoes the greatest reduction in laminar volume following naris occlusion [22] . Our study using YFP mice may infer that the reduction in EPL thickness following sensory deprivation is due to the absence of BDNF-ir fibers in the superficial layer of EPL (oEPL). Although loss of BDNF-ir fibers may not be the sole loss of EPL thickness, genetic deletion of BDNF has been shown to lead to cell and fiber loss in this area of the OB [2] . The origin of the oEPL BDNF-ir fibers described here is not clear, but may belong to secondary dendrites of middle-tufted cells since these dendrites ramify into the superficial EPL [27] . Indeed, Hamilton et al. [16] have recently shown that middle-tufted cells may undergo trophic changes after adult olfactory-sensory deprivation induced by deafferentation. Our data may, therefore, provide preliminary evidence for a functional segregation within the EPL. Recently Clevenger et al. [6] generated mice in which the BDNF promoter drove expression of ␤-galactosidase in order to effectively map BDNF transcription across the bulb and epithelium. Their data suggest a BDNF transcript signal in the EPL that parallels that of our protein level detection by ICC, but curiously they report no transcript detected in mitral cells [6] . Since proBDNF is secreted [3, 19, 24] and our biochemistry data support the idea that our ICC is labeling pro and not mature BDNF (as discussed below), absence of transcript in the mitral cells would not be inconsistent with our BDNF-ir specific expression patterns. Although there are reported inconsistencies in mitral cell transcription of BDNF [6, 9] the majority of studies utilize adult rat, rather than postnatal mice as did our study, and none observed BDNF levels in mice following naris cauterization from birth [21] .
The high-affinity receptor for mature BDNF, TrkB, is present in various cell types within the rat OB [13] and is predominantly expressed as a full-length receptor [28] . Consequently it was surprising that we did not find a mature form of the receptor's preferred ligand, BDNF, but rather could only resolve the precursor, proBDNF. It is possible that there exists a species difference across rodents, given that biochemical, immunocytochemical and in situ hybridization studies have independently revealed the presence of both pro-and mature BDNF in the rat OB [9, 21] . Cao et al. [5] , however, detect slight amounts of mature BDNF from crude mouse OB extracts, therefore it is likely that the detection limits of mature BDNF by SDS-PAGE in mouse OB have been reached. In fact, the mouse OB has little BDNF (0.5 ng/g wet weight) that could be detected at P30 using an ELISA method [18] . ELISA cannot distinguish between the two forms of BDNF [23] , so presumably this quantity represents both forms.
Our Western analysis indicated a minor band of 27 kDa and a major band of 54 kDa representing proBDNF and proBDNF dimer, respectively. The control, rat hippocampus, revealed an additional band at 13 kDa representing mature BDNF and a cluster of high molecular weight bands presumably corresponding to the glycosylated forms of the mature BDNF [24] . Preadsorption of the same antiserum used in our study with BDNF has been shown by Western analysis to quench the proBDNF, but not the mature BDNF, band observed in human cortex [23] , which strongly infers that our immunocytochemical signal is proBDNF. If the signal is predominantly proBDNF and not mature BDNF, and two different BDNF-ir cell populations within the bulb are oppositely affected by naris occlusion (mitral cell BDNF-ir is elevated while juxtaglomerular cell BDNF-ir is decreased), then it follows that no net change in pixel density of proBDNF might be expected due to a cross-nulling effect.
ProBDNF has been considered an inactive precursor prior to cleavage by the serine protease plasmin and selective matrix metalloproteinases [3, 19, 24] . The cleaved (mature) BDNF can activate TrkB receptors and promote cell survival and synaptic plasticity. Alternatively, proBDNF may directly bind to and activate TrkB receptors to promote mitral cell survival. In support of this idea, furin-resistant proBDNF, secreted from COS-7 cells, is known to bind to the extracellular domains of both TrkB and p75NTR [11] . Fayard et al. [11] demonstrate that proBDNF binds to and activates TrkB and could be involved in TrkB-mediated neurotrophic activity in vivo. In human Alzheimer's disease, a pathological condition of extreme apoptosis, it is quite intriguing that proBDNF levels decrease in the parietal cortex [23] .
In summary, our data provide evidence for a neurotrophic role of proBDNF in the mouse olfactory system. Most OB neurons are interneurons that have short life spans and are replaced by neurons migrating from the subventricular zone [29] . ProBDNF may provide the neurotrophic environment necessary for a continuous degenerative/regenerative process inherent in the olfactory system [15] . In fact, BDNF signaling has recently been shown to affect olfactory terminal-arbor pruning under competitive environments [5] .
